Patterned spontaneous activity seems important in the development of the retina and its projections, and it has now been shown that early retinal activity is faithfully transmitted through the thalamus. The modular organization of the visual cortex is also dependent on activity but not necessarily that originating in the retina.
Two decades or more ago, the literature on the development of the visual cortex resonated with debate on the role of visual experience in establishing the modular organization of the cortex: is experience permissive or instructive, and just how ordered is the visual cortex at the time of eye-opening in cats or birth in primates? It was argued that the patterning of neuronal activity by visual experience could, through Hebbian synapses -which are selectively stabilized if the activities of the presynaptic and postsynaptic cells are positively correlated -influence the formation of neuronal connections. This idea has the attraction that, because some of the information required to produce ordered neural circuits would come from the environment, the load on the genome would be reduced.
In the last few years, the importance of activity in the development of the visual system has assumed a new significance, with the discovery that patterned spontaneous neural activity within the retina can influence neural development before the onset of visual responsiveness. These observations imply that experience-dependent plasticity reflects a continuation of a basic developmental mechanism, and raise the question as to whether the elements of adult organization that are found in visually inexperienced cortex depend on patterned spontaneous activity. This question is still open, but several recent papers have made important contributions to our understanding of how neuronal activity might pattern the immature visual cortex at or before the time of eye-opening.
Can pre-visual patterned activity reach the cortex? A significant step in understanding the importance of patterned neuronal activity in development was the discovery that blocking neural activity before the onset of vision could alter the patterning of retinal connections. This was seen dramatically [1, 2] in the segregation of different retinal populations into discrete laminae within the lateral geniculate nucleus (LGN) -one of the two major targets of the retinal ganglion cells -and also in the refinement of topography within the retinal projections to the other principal target, the superior colliculus [3, 4] . A major breakthrough came with the discovery that, not only do immature retinal ganglion cells show spontaneous activity [5] , but this activity is patterned both temporally and spatially [6, 7] . Recordings from isolated neonatal retinae show ganglion cells firing short bursts of action potentials that are separated by long inter-burst intervals. Neighbouring ganglion cells tend to fire together, and waves of bursting activity spread slowly across the retina. This patterned spontaneous activity could not only drive the segregation of the retinal inputs from the two eyes to the LGN, but also sculpt retinotopicity -that is, the spatial properties of the mapping from the retina to its geniculate and collicular targets.
If spontaneous activity does order neuronal connections, then the implication is that the process involves some form of Hebbian modification. But what is the nature of the postsynaptic responses elicited by the bursting activity in immature retinal ganglion cells? Previous studies on brain slices in vitro have shown that the developing retino-geniculate synapses, when stimulated electrically, can generate action potentials in LGN neurons [8, 9] . The recent development of a novel in vitro preparation, in which the eye remains connected to the thalamus, has allowed Mooney et al. [10] to examine the fidelity with which spontaneous retinal activity is transmitted through the LGN.
Mooney and co-workers carefully dissected out the eyes and brain from neonatal mice in such a way that both retinae are still connected, via intact optic nerve and tract, to the LGN. The back half of the LGN was cut away to allow the insertion of patch-electrodes, which can operate in either extracellular or whole-cell modes. Recordings from the optic nerve confirmed the integrity of the preparation: spontaneous activity was found, displaying bursting patterns similar to those seen in previous studies [5] [6] [7] . The novel results come from recordings of the LGN neurons: whole-cell recordings revealed periodic discharges consisting of barrages of postsynaptic currents, each lasting 5-10 seconds and occurring at 1-2 minute intervals. This periodic activity required functional input from the retina, as crushing the optic nerve or blocking retinal action potentials with lidocaine abolished the postsynaptic current barrages. The amplitude of the periodic postsynaptic currents was sufficient to generate periodic action potentials with similar temporal characteristics to those seen in retinal axons.
In the absence of a multi-electrode array recording from the LGN, it is difficult to comment on the spatial statistics of the geniculate activity. When several geniculate units were recorded simultaneously, however, they tended to fire together. Thus, it appears from the results of Mooney et al. [10] that spontaneous activity in the retina is transmitted through the neonatal mouse LGN with considerable fidelity. In one sense this is surprising as, at this age in the mouse, the retinal input is re-ordering anatomically. Inputs from the two eyes are still segregating [11] , which might be expected to blur the periodicity of geniculate activity. (Indeed, a small proportion of geniculate neurons did show broad interspike-interval distributions instead of the tightly clustered pattern seen in the other geniculate neurons and in retinal axons.) It is tempting to speculate that the recordings indicate that a physiological refinement occurs at this age that precedes the anatomical refinement. If so, a broader tuning of geniculate activity might well be seen in younger animals, especially at a stage when there is considerable overlap between inputs from the two eyes.
Is retinal activity the only source of spontaneous neuronal activity that might influence the developing visual cortex? Although spontaneous activity in the LGN of the newborn mouse depends on intact retinal input [10] , patterned activity is seen in the ferret LGN just before eyeopening even in the absence of such input [12] . The 'spindling' pattern described by McCormick et al. [12] has temporal properties which are very different from the spontaneous activity seen in the neonatal mouse preparation. Patterned spontaneous activity in geniculate neurons could provide information for directing cortical development before the emergence of visual responses. One way to examine this possibility is to ask which elements of cortical organization emerge independently of neuronal activity, and which can be affected by modulating neuronal activity early in development. Some recent papers, describing experiments using ferret cortex, throw interesting light on this question.
The emergence and stability of cortical modules
An obvious approach to investigate the potential role of spontaneous activity in cortical development is to determine how and when cortical modularity develops. One manifestation of modularity in the visual cortex is the ocular dominance columns -columns of neurons that respond predominantly to stimulation of one or other eye -and trans-neuronal tracing demonstrated that these columns form after eye-opening in the cat [13] . Another type of modularity, however, is apparent in the kitten visual cortex at eye-opening -this is the columnar arrangement of orientation-tuned neurons [14, 15] , which are activated by lines or edges oriented in particular directions. Thus, one system of cortical organization (orientation) appears to develop independently of another (ocular dominance), an independence that has recently been reinvestigated using optical imaging techniques.
Looking at kitten cortex, Gödecke and Bonhoeffer [16] found that the cortical mapping of orientation through the two eyes was identical even when the eyes had not shared any visual experience. Animals were reared with one eye closed until five weeks of age and the cortical responses to orientation, through the open eye, were imaged and mapped with respect to cortical blood vessels. The eyes were then reverse-sutured and the previously closed eye was given two weeks of visual experience. At the end of this period, optical imaging revealed that, not only was the originally deprived eye capable of driving cortex, but the second cortical map of orientation was almost identical to that seen at five weeks of age: the same map had emerged independently of shared visual experience.
Gödecke and Bonhoeffer's results [16] suggest the existence of an early template for orientation modules that is accessible even after the disruption of visual experience. Support for this idea comes from an elegant longitudinal study of the development of orientation columns in ferret visual cortex by Chapman et al. [17] . As in kitten cortex, only a small percentage (around 25%) of the neurons recorded in ferret cortex at the time of eye-opening respond to a restricted range of orientations, and normal neuronal activity is required for the high adult proportion to emerge [15, 18] . Chapman et al. [17] took individual neonatal ferrets and imaged the visual cortex at successive ages to examine the development of orientation tuning. The orientation maps were analyzed to evaluate, first, the changes in orientation selectivity with age and, second, the stability of the cortical mapping for orientation. The first signs of orientation-specific activity are found at around eye-opening, and the strength of the signal increases over the following week. Analysis of the images reveals a rapid rise in orientation tuning, which is slightly delayed compared with that observed previously by single-unit recording [18] .
In the study by Chapman et al. [17] , the positional stability of the distributions of preferred orientation is impressive, and might suggest that the emergence both of orientation tuning in individual neurons and of the modular organization of orientation are tightly linked. However, Weliky and Katz [19] have just found that synchronization of ganglion cell activity, by direct electrical stimulation of the optical nerve in young ferrets, impaired the development of strong orientation selectivity in neurons outside layer IV of the visual cortex -but not the formation of orientation columns. Thus, a short daily period of synchronization (in their study, retinal activity was normal 90% of the time) can override the developmental mechanisms refining orientation tuning in individual neurons but not those creating columns. The imaging results of Chapman et al. [17] suggest the existence of a stable periodic matrix for orientation, which can be revealed shortly after the eyes open and which is seen even though thalamic terminals are re-ordering. Does this mean that the visual cortex is seeded with a periodicity that forms the basis of functional modules? If so, does that seeding depend on early neuronal activity or does it reflect mechanisms such as those patterning the developing proneural clusters in Drosophila ectoderm [20] ?
Experiments by Ruthazer and Stryker [21] indicate that at least one aspect of cortical periodicity, the horizontal connections within visual cortex, may depend on spontaneous neuronal activity. In adult cat cortex, these connections are clustered and project between populations of neurons that are tuned to similar orientations [22, 23] , although their exact form appears to depend on normal visual experience [24] . In order to examine the development of horizontal connections in ferret visual cortex, Ruthazer and Stryker used local injections of a tracer, cholera toxin B, to retrogradely label cortical cells in the upper layers; when viewed in tangential sections, the labelled cells were found to be grouped in clusters around the injection site. The degree of clustering was quantified using a statistical test for spatial randomness; the first signs of segregation were found in the cortex on postnatal day 27 (P27), before the eyes have opened (on P32), and the degree of clustering was found to attain adult values by P36-41. This sequence is paralleled by changes in the distribution of axonal arbors, which were labelled in a study by Durack and Katz [25] using small injections of biocytin.
But what drives the early clustering of connections, before the eyes open? Ruthazer and Stryker [21] investigated the importance of retinal input by removing both eyes well before the outgrowth of horizontal connections. The absence of retinal input had little effect on the early clustering but did prevent the refinement normally seen after eye-opening. However, the early phase of clustering, although independent of retinal input, did require cortical neuronal activity: if activity in neonatal cortex was silenced by an infusion of tetrodotoxin, then no clustering in the horizontal connections was observed -cortical neurons sent out horizontal connections, but these failed to segregate into patches.
The various experiments described here inevitably raise as many questions as they answer. The confirmation that visual cortex exhibits modularity before eye-opening emphasizes the importance of understanding the mechanisms generating this pattern. Clearly, spontaneous neuronal activity in the cortex is important for establishing the early patterning of horizontal connections. As the activity does not require retinal input, what is its origin, and do the waves of neuronal activity from the retina, transmitted through the LGN, have any role in cortical development?
